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Abstract 

The  occurrence  of  cirrus  particles  in  the  upper  troposphere  is  Bore 
common  than  previously  reported.  The  presence  of  cirrus  seeaas  to  be  the 
rule  in  tropical  regions  with  clear  conditions  being  the  exception. 

Particle  size  distributions  for  both  thin  and  opaque  cirrus  are 
presented.  Two  different  size  distributions  characterize  ice  particles  in 
sub-visible  cirrus.  The  most  common  has  a  peak  distribution  in  the 
1  to  10  Blcron  region  with  a  rapid  decrease  of  larger  particles.  The 
second  type  contains  ice  crystals  with  diameters  from  100  to  2000  microns 
which  appear  to  have  fallen  from  higher  levels. 
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U  INTRODUCTION 

The  purpose  of  this  paper  is  three  fold: 

(1)  to  describe  the  different  types  of  cirrus, 

(2)  to  show  that  the  occurrence  of  cirrus  clouds 
is  such  greater  than  previously  reported,  and 
(3J  to  investigate  the  downward  transport  of 
watfr  and  aerosols  by  cirrus  particles  fras 

the  upper  eid- latitude  troposphere. 

Over  the  past  decade  cirrus  clouds  have  be- 
c<wee  More  important  as  both  we  and  our  technology 
have  become  more  sensitive  to  environmental  factors. 
Hypersonic  reentry  vehicles  experience  erosion  due 
to  citrus  particles  in  the  upper  troposphere.  Laser 
system*  are  adversely  affected  by  cirrua  clouds. 
Cirrus  particles  reduce  the  efficiency  of  laminar 
flow  wings.  scattering  of  sunlight  by  cirrus  also 
inhibits  solar  energy  collectors. 

In  1974  we  realized  that  cirrus  clouds  caused 
significant  erosion  of  reentry  nose  cones.  Later 
we  studied  attenuation  of  laser  beams  used  in  high 
power  weapon  beam  system,  and  the  role  of  cirrus 
clouds  as  generating  cells  or  seeder  clouds  in 
storm  systems. 

During  these  studies  -e  found  aubvisible  cir¬ 
rus  particles  in  the  upper  troposphere  (Barnes, 1980 

a, bJ  and  we  documented  the  occurrence  of  both  cir¬ 
rus  and  sub-vis ibis  cirrus  part  iciest Varley .  1978a, 

b,  1930;  Varley  and  Brooks,  1978;  Varley  and  Barnes, 
1979;  Cohen,  1979,  1981  ;  Cohen  and  Barnes,  1980 » 
Varley,  Cohen  and  Barnes,  1980).  This  paper 
summarizes  our  findings  and  extends  these  results 
to  the  downward  flux  of  water  and  aerosols  caused 
by  the  gravitational  settling  of  cirrus  particles 
in  the  troposphere. 

2.  BACKGROUND 

CWr  early  works  with  the  erosion  of  nose  cones 
began  at  wallops  Island,  Virginia  (Plank,  1974a, b,ci 
Berthe 1,  1976).  Initially  high  acceleration  mis¬ 
siles  were  used.  They  reached  maximum  velocity  be¬ 
fore  exiting  from  the  top  of  the  storm.  The  sain 
meteorological  interest  was  in  the  middle  layers  of 
the  store  with  less  interest  in  ths*  cirrus  at  the 
top  of  or  overlaying  the  storm.  Since  only  winter¬ 
time  large  scale  storms  were  used,  the  C-130 
aircraft  could  usually  ascend  into  the  cirrus. 

Because  ground  launched  missiles  div*  not  sim¬ 
ulate  reentry  heating  and  ablation,  «  few  alssiles 
were  boosted  out  of  the  atmosphere  and  then 
accelerated  back  into  the  atmosphere  at  hypersonic 
speeds  (Plank,  1977b;  Cunningham.  1977).  These 
tests  were  far  from  satisfactory  to  us  because  the 
reentry  test  region  was  w*  J l  off  of  the  coast  and  at 
the  extreme  range  of  the  weather  radar s( Crane , 1 978 ) . 

Testing  was  then  moved  to  the  Kvajalein  mis¬ 
sile  Range  (KMRJ  in  the  Marshall  Islands.  kinuteman 
ICBM  * oostera  launched  the  reentry  vehicles  from 
vandenberg  At®  CA.  weather  data  in  the  reentry 
corridor  and  along  the  reentry  trajectories  wore 
obtained  from  instrumented  aircraft  and  from  the 


powerful  tracking  radar  at  KMR  (Barnes,  Nelson, 
and  Metcalf,  1974)* 

Cirrus  pertlcles  near  the  tropo pause  (at  16 
or  17  km}  became  more  significant  because  of  the 
higher  velocity  of  the  reentry  vehicles  at  these 
heights  and  the  increased  momentum  of  the  circus 
particles  relative  to  the  nose  cones.  Small  parti¬ 
cles  do  not  survive  passage  through  the  nhock  wave, 
but  large  particles  do  strike  the  nose  cone;  they 
induce  spalling  and  cause  premature  transition  from 
laminar  to  turbulent  flow.  This  change  in  the 
flight  characteristics  can  cause  the  reentry 
vehicle  to  misc  its  target. 

Our  work  in  heavy  weather  was  docawnted 
for  the  wallops  Island  missions  (Plank,  1974a, 
b.c;  1977a, b;  Berthel,  1976)  and  Tor  the  KMR 
missions  in  clear,  light  and  heavy  weather 
(Bar.ss,  Metcalf,  and  Nelson,  1974?  Metcalf, 

Barnes,  and  Kraus,  1975a, b:  Metcalf,  Kraus  and 
Barnes,  1975a, b,c;  Barnes  and  Metcalf,  1975; 

Barnes,  1976;  Dyer,  Berthe l  and  Izumi,  1981 i. 

A  review  of  come  of  the  KMR  test  missions  con¬ 
ducted  under  clear  weather  conditions  revealed  somo 
anomalies.  A  preliminary  Investigation  suggested 
that  these  anomalies  were  due  to  cirrus  clouds. 

These  missions  were  conducted  on  moonless  nights 
to  enhance  visual  tracking  of  the  nose  cones  as 
they  glowed  white  hot  after  reentering  tha  earth's 
atmosphere  at  about  100km  altitude.  In  fact  the  cri¬ 
terion  for  these  mission*  was  that  nose  cones  were 
to  be  tracked  optically  from  first  glow  until  they 
reached  tha  surface.  Stars  could  be  seen  on  these 
night  reentries  at  Kwajalsin.  The  stars  can  be  seen 
through  thin  cirrus  layeru.  This  wa«  dramatically 
demonstrated  by  photographs  of  some  missions  where 
the  glowing  nose  cones  lit  up  thin  cirrus  layers, 
temporarily  obliterating  the  stars. 

Meteorological  records  often  showed  this  cirrus 
overcast  at  sunrise  and  sunset*  farther  investiga¬ 
tions  led  us  to  conclude  that  there  is  a  thin,  per¬ 
sistent  overcast  of  cirrus  in  the  tropica  most  of 
the  time. 

Later  we  provided  cirrus  particle  size  distri¬ 
butions  and  densities  to  the  Advanced  Radiation 
Technology  project  of  the  Air  Force  Weapons  Labora¬ 
tory.  These  data  were  inputs  to  models  of  the  pro¬ 
pagation  and  attenuation  of  high  energy  laser 
weapon  systems.  Sight  reports  present  the  data  and 
results  from  a  number  of  C-130  flights  which  were 
conducted  in  Mew  Mexico  and  adjoining  states-  Most 
of  the  data  were  taken  in  thin  or  opaque  cirrus, 
but  some  «ubvisi.ble  cirrus  data  were  obtained.  These 
data  were  needed  for  studies  of  the  ef f ectlveness  of 
high  energy  laser  ballistic  defense  systems  mounted 
in  patrol  aircraft.  The  aircraft  would  cruise  below 
cirrus  and  hence  the  laser  beam  would  penetrate 
the  cirrus  to  reach  an  incoming  missile.  Our  research 
flights  were  conducted  in  the  Mew  Mexico  area  to  pro¬ 
vide  climatological  data  for  scheduled  testing  of  the 
Airborne  Laser  Laboratory,  the  system's  test  bod. 
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Data  obtained  for  these  Mr  Force  ptoq?«» 
ver«  used  by  NGAA  and  the  Department  of  Energy 
< oorj (o*t-<-,  to  study  the  affect*  of  cirrus 

cloud*  in  reducing  the  effectiveness  of  solar 
collector*  located  at  ground  level. 

Another  application  ha*  been  to  a  future 
aircraft  which  would  operate  In  the  upper 
troposphere  <)*astro«*,  Hcldeman  and  Davis,  1981). 
mis  aircraft  would  use  a  laminar  flow  wing  which 
would  increase  lift  by  approximately  30%.  The 
laminar  flow  is  held  onto  the  wing  by  sucking 
air  in  through  fine  slit*  on  top  of  the  wing. 

The  concept  has  been  tested  and  flown  (Hall, 

1964} ,  but  the  increase  in  lift  is  lost  when 
the  wing  i*  in  cloud.  Teat  data  showed  occa¬ 
sional  loes  of  lift  when  not  in  cloud;  possibly 
caused  by  sub-visible  cirrus. 

The  occurrence  of  cirrus  clouds  above  other 
Cloud*  and  the  seeding  of  lower  cloud  decks  by 
large  crystals  (Bergeron,  1950)  is  important  in 
understanding  the  processes  occurring  in  Storm 
systems  and  the  production  of  precipitation. 

For  two  winter  seasons  we  provided  high  covsr 
in  cirrus  cloud*  for  the  investigations  of  stores 
near  Seattle  under  the  CYCLES  program  (Herzegti 
and  Hobbs,  1981). 

Cirrus  particles  say  cause  damage  tc  the 
tiles  on  returning  Space  Shuttle  flights.  KASA  cal¬ 
culations  indicate  that  particles  larger  than  Ism 
(1000  microns)  in  diameter  could  damage  the  tiles. 

(«e  will  attempt  to  define  cirrus  clouds 
and  particles  as  they  occur  in  the  non-urban 
troposphere  and  to  show  how  they  contribute  to 
the  downward  flux  of  both  water  vapor  and 
aerosols. 

3.  THIH  AND  OPAQUE  CIRRUS 

We  will  now  look  at  those  cirrus  clouds 
which  can  be  detected  visually-  This  la  not  * 
very  precise  definition,  hut  it  will  do  for  now. 

Cirrus  clouds  are  generally  fo.*nd  in  that 
part  of  the  troposphere  where  the  temperature  is 
less  then  -25°C.  How  do  particles  move  to  or 
form  these  levels?  The  moat  dramatic  way  is 
by  convective  clouds  such  as  thunderstorms. 
quid/ ice  water  content  value*  can  exceed  3  gm/« 
in  intense  storms  found  during  sumer ,  but  con-  ^ 
centrations  at  cirrus  levels  are  usually  *03  <^/m 
or  less.  At  mid-latitudes  most  cirrus  is  associ¬ 
ated  with  cyclonic  storms,  the  jet  strea r.,  or 
uppur  level  troughs.  Wie  earth  receives  its 
maximum  heating  from  solar  radiation  in  the 
tropic-S  and  the  induced  convective  storms  play  * 
major  role  in  the  general  circulation  of  the 
earth's  atmosphere.  These  tropical  convective 
storms  transport  the  water  vapor  from  the  boundary 
layer  right  up  to,  and  in  some  cases  beyond,  the 
tropopause*  Wiis  source  of  high  tropospheric 
water  vapor  has  been  illustrated  by  time  lapse 
movies  from  a  French  meteorological  satellite 
which  senses  radiation  at  the  water  vapor  absorb- 
tion  wavelength.  TTese  movies  show  tongues  of 
water  vapor  surging  poleward  from  the  tropics. 

At  Kwajalein  the  frequency  of  severe  con¬ 
vective  storms  which  contained  lightning  or  which 
penetrated  the  tropopause  (as  determined  by  radar) 
was  small.  Both  visual  and  PHS  observat ions 


indicated  that  cirrus  was  present  almost  all  of 
the  time  *t  Kwajalein.  Unfortunately ,  the  air¬ 
borne  hygrometer  did  not  work  in  the  cold  temp¬ 
eratures  in  the  high  tropical  troposphere  so  that 
no  measure*  of  the  relative  humidity  or  'rater 
vapor  content  were  obtained.  The  Lear  36  warn 
limited  to  14km  and  on  almost  every  daylight 
flight  we  could  see  the  thin  cirrus  above  us. 

The  cirrus  seen  above  the  aircraft  was  qaickly 
named  "cirrus  evadua’*  or  "cirrus  above  us". 

This  thin  layer  on  almost  every  flight 
vaa  usually  seen  frou  the  surface  at  sunrise 
and  sunset.  I  began  to  wonder  if  this  thin  cir¬ 
rus  layer  persisted  throughout  the  day  and,  if 
so,  was  it  possible  to  see  it  at  other  times. 

The  TP9-H  radar  (Paulsen,  Pctrocchi  and  Hclean, 
1970}  operating  at  a  wavelength  of  .8cw  was 
designed  to  detect  cloud.  Using  the  one  at  KMR, 
we  were  not  abla  to  detect  this  thin  cirrus 
unless  it  was  also  obvious  visually.  Indeed, 
the  human  eye  turned  out  to  be  a  better  detector 
since  it  could  pick  out  these  thicker  streaks  of 
cirrus  which  were  not  over  the  radar- 

By  blocking  out  the  sun  with  the  corner 
of  a  building  or  other  object,  and  looking  at  the 
region  near  the  sun,  structure  in  the  thin  cirrua 
could  be  identified.  Unfortunately,  the  struc¬ 
tural  variations  in  the  concentration  of  sea 
salt  spray  in  the  boundry  layer  could  also  b« 
seen  at  the  same  time.  With  a  little  training  it 
becane  easy  to  separate  the  two  because  the  low 
level  variations  moved  rapidly  with  an  east  to 
we*t  motion  typical  of  the  trade  winds  while  the 
the  cirrus  moved  at  a  slower  relative  motion  a;*d 
generally  to  the  east  or  northeast,  depending  on 
the  upper  level  winds. 

Detection  of  this  thin  cirrus  at  night  was 
more  difficult.  Even  when  full,  the  moon  was  not 
bright  enough  to  use  this  technique,  but  by 
looking  in  the  vicinity  of  the  moon  a  ring  could 
sometimes  be  detected.  Through  experience  we 
learned  to  differentiate  between  the  small  ring 
due  to  the  boundary  layer  particles  and  the  ring 
caused  by  cirrus.  If  the  cirrus  was  thick  enough 
it  could  be  seen  by  moonlight. 

When  very  thin  cirrus  occuned  on  a  moonless 
night,  observation  of  faint  stars  could  have  been 
used.  Powever.  this  requires  a  familiarity  with 
the  stars  in  che  region. 

We  found  that  thin  cirrus  was  present  almost 
all  the  time  at  Rvajalein-  we  also  observed  thir. 
cirrus  over  the  United  States  when  the  official 
observers  were  reporting  no  cirrus.  This  higher 
frequency  of  cirrus  might  have  an  effect  on  av¬ 
ailable  solir  energy  as  calculated  by  Derr  (1980). 

Let  us  return  to  the  question  of  generation 
of  cirrus.  Some  particles  are  generated  in  con¬ 
vective  storms  and  are  lifted  to  cirrus  levels. 

If  the  particles  are  heavy  enough,  they  will  set¬ 
tle  out  under  gravitational  action.  If  small 
(under  20  m)  they  will  be  kept  at  these  levels 
by  Brownian  motion  and  small  scale  turbulence. 

Ttie  in- situ  formation  of  cirrus  particles 
froai  water  vapor  at  these  leva  l*  could  begin 
either  by  deposition  on  hygroscopic  aerosols,  by 
spontaneous  nucleation,  or  by  other  means.  tbe 
possible  mechanism  of  formation  will  not  dis- 
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figure  1.  Particle  Size  Distribution  In  Thin,  Trans¬ 
lucent  Cirrva.  (Figure  22  from  Gotten  and  Barnes, 1980) 


cussed  here*  We  will  provides  data  on  the  occur¬ 
rence  o t  cirrus  particles.  If  there  is  a  suf¬ 
ficient  supply  of  water  vapor  to  form  cirrus, 
the  initial  size  distribution  see**  to  evolve 
with  a  peak  in  the  distribution  curve  in  the  1 
to  J-O/vm  region  with  a  logarithmic  decrease  in 
the  concentration  with  increasing  size,  u  sore 
particles  form,  the  peak  increases  in  both  size 
and  in  number  count.  Figures  1  and  2  show  typ¬ 
ical  distributions  in  light,  opaque  cirrus* 

Vcc  in-situ,  isolated  thin  cirrus  layers,  the 
height  of  the  maximum  concentration  is  generally 
about  Ikai  below  the  tropopause  (McLean,  1957)* 

If  enough  particles  form,  laigar  particles  (in 
excess  of  lPGGjsa)  appear,  and  aggregation  begins, 
causing  a  rapid  Increase  of  the  laicer  particles 
at  the  expense  of  the  middle  size  particles  as  Lo 
and  Passazrelli  (1901,  1982)  saw,  during  advecting 
spiral  descents  flown  by  our  C-130. 

Figure  3  shows  a  typical  distribution  from 
more  dense  cirrus  clouds.  It. see  distributions 
are  generally  associated  with  wide  spread  storm 
situations  where  there  is  a  large  supply  of  water 
vipor  and  upward  vertical  motion  t-j  carry  the 
water  vapor  to  the  cirrus  levels*  Because  the 
winds  aca  generally  faster  at  higher  levels 
than  at  lower  levels,  the  cirrus  shields  both 
from  thunderstorms  and  cyclonic  storm  systems 
move  out  in  Jront  of  the  storms  while 
continuing  to  generate  over  the  storms* 


Figure  3. 

Size  Distribution 
in  Moderately 
tense  Cirrus 
(Figure  32  from 
Farley.  Cohen, 
and  Barnes,  i960) 


The  particles  in  these  cirrus  shields  are 
not  static,  but  continue  to  compete  for  available 
water  vapor .  This  competition  can  change  the 
characteristics  of  the  crystals.  The  regular 
crystalian  foras  given  by  Kakaya( 1^54 )  a?  a 
function  of  temperature  and  relative  humidity 
would  be  present  for  particles  which  completed 
this  growth  under  static  conditions,  but  the  hy¬ 
brid  types  would  be  more  common  close  to  the 
storm*  However,  after  sufficient  time,  the  dynam¬ 
ics  of  the  atmosphere,  with  evaporation  and  depo¬ 
sition  occurring,  would  produce  cirrus  which 
look  just  like  cirrus  produced  by  gentle  air- 
mass  lifting- 

cirrus  particle  distribution  flights  were 
made  in  the  New  Mexico  area  in  the  winters  of 
1977-1978  and  1978-1979*  Ttie  results  appeared 
in  a  series  of  eight  reports,  the  last  by  Cohen 
(1981)*  Some  cirrus  was  associated  with  stores 
moving  onto  the  west  coast  while  others  were 
associated  with  high  Level  systems  which  were 
visible  on  satellite  photographs  transporting 
moisture  from  the  Pacific  Ocean  up  over  western 
Mexico  int-c  Arizona,  New  Mexico,  and  Texas.  Data 
were  taken  before  we  became  interested  in  sub- 
visible  cirrus.  Since  the  data  were  taken  during 
the  winter  months,  the  C-130  could  reach  the 
cirru*  level. 

During  later  flights  we  used  Me IDAS  (Kan 
Computer  Interactive  Data  Access  System)  at  the 
Air  rorce  Geophysics  laboratory  to  locate  areas 
containing  elrrvt  clouds  and  to  obtain  tempera¬ 
tures  of  the  ciriua  layers  from  satellite  IR 
readings.  Initially,  the  use  of  the  HciDAS  system 
biased  our  sampling  toward  the  more  opagu 
denser  layers  which  were  detected  by  the  satel¬ 
lites  downstream  from  the  major  storm  activity* 


Figute  2.  Particle  Size  Distribution  in  Opaque 
Cirrus.  (Figure  13  from  Cohen,  1979) 


4 .  SUBV I S 1BLE  Cl RAUS 

Sub-visible  cirrus  consists  of  cirrus 
particles  in  the  atmosphere  which  are  not  dense 
enough  to  be  seen*  This  immediately  presents  a 
problem  since  the  same  aggregation  of  partic7.es 
■ay  be  seen  at  some  tinea,  but  not  at  others.  An 
example  of  thin  cirrus  overcasts  at  sunrise  and 
sunset  at  Kwa^alein  which  were  not  detected  at 
night  or  at  m*d  day  has  been  cited* 

Sub-visible  cirrus  consists  of  two  distinct 
types  wtiicn  may  exist  simultaneously,  the  first 
type  is  the  most  common  and  consists  of  about  10^ 
to  104  particles  per  cubic  meter,  a  peak  near 
2 r*  and  with  no  particles  larger  than  loo/tu. 
Figure  4  show*  an  example  of  an  exponential  fell 
off  of  particles  with  uta ampins  size.  Our  data 
indicates  that  70%  ot  our  flights  in  clear  air  at 
cirrus  altitudes  contain  this  type  of  background 
distribution.  Indeed  it  is  unusual  when  we  are 
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Figure  A.  Size  Distribution  in  Type  1 
Subvisible  Cirrus 


Brahxm  and  Spyers-Duran  (S.967)  and  Ball  end 
iPruppecher  { 1976)  ah-owed  that  citrus  particles  o£ 
these  sires  could  survive  falls  of  2  bi  or  nor*. 
Once  these  particles  reach  the  freezing  level 
they  fcelt  and  evaporate*  Because  the  difference 
between  the  vapor  pressure  over  ice  and  over 
water  increases  with  decreasing  temperature , 
the  particles  have  a  better  chance  for  survival 
at  colder  temperatures,  on  the  average* 

Wintertime  outbreaks  of  cold,  clear  air, 
such  as  "Slue  Morthers"  in  Texas,  are  often  said 
to  "sparkle*.  This  say  be  caused  by  these  large, 
sub-visible  cirrus  particles  in  the  air.  The 
affect  is  seen  in  regions  of  type  2  sub-visible 
cirrus,  but  not  in  type  1  ot  in  the  stratosphere. 

5.  T HZ  KC-L.Z  Ot  CIRRUS  IX  TH£  TRANSPORT  Ot  WATER 

The  water  vapor  transported  poleward  at  up¬ 
per  levels  precipitates  at  higher  latitudes  ac¬ 
cording  to  general  circulation  a ode Is.  Tha 
larger,  type  2,  cirrus  particles  produce  down¬ 
ward  transport  of  water  at  all  latitudes. 

Cirrus  unicus  clouds  are  visual  examples  of 
this  downward  transport. 


at  cirrus  altitudes  and  detect  nothing  with  the 
PMS,  ASSP  acatter-probe  (Barnes,  1980b). 

The  other  type  of  sub— visible  cirrus  con¬ 
sists  of  individual  large  crystals,  100  to  over 
2000  microns  in  diameter,  with  a  denrity  of  less 
than  one  particle  per  cubic  meter.  One  flight 
.showed  on  average  of  cne  particle  every  eight 
cubic  wt«rs>  Figure  5  shows  data  from  l  flight 
where  both  types  of  sub-visible  cirrus  were 
present.  These  data  wers  taken  with  a  pHS  ASSP 
and  a  modified  PMS  2-D  Precipitation  PTobe  (Knol- 
lenberg,  1970),  and  the  existence  of  the  larger 
particles  was  visually  verified  using  a  snow 
stick  { Barnes, 1980b) . 

These  large  particles  fall  due  to  gravity, 
and  in  arctic  regions  where  they  may  reach  the 
ground  before  melting  they  create  what  are  known 
as  "diamond  dust"  snowfalls.  larger  crystal  ate 
frequently  seen  to  fall  fro*  higher  clouds;  cir¬ 
rus  unicus,  pure's  tails,  is  an  example  where  the 
concentration  is  large  enough  to  be  seen.  Both, 
our  observations  at  *id-latitude9  (Barnes,  1980b) 
and  observations  by  Bogan  (1975)  and  Qthake, 
Jayaveara  and  Sakurai  (1978)  in  arctic  regions 
provide  examples  whero  these  large  particles  ap¬ 
pear  in  clear  air  with  no  visible  clouds  above. 


Figure  5.  Fw4»mM«»  of  Type  1  and  Type  2 
Subvicible  Cirrus 


If  we  take  a  world  wide  density  of  type  - 
pcrticles  at  one  every  8  ruble  cetera  (Barnes, 
1980b)  ,  an  average  diameter  of  density  of 

0.5  5m/co^,  fall  speed  of  1  x/s  and  a  fall  dist¬ 
ance  of  2'KBt  (Brahaa  and  Spyers-Purand,  1967; 

Hall  and  Pruppacher,  1976),  than  for  each  square 
meter,  one  particle  reaches  the  bottom  each  8 
seconds.  The  amount  of  mass  crossing  a  square 
meter  every  8  second*  is: 

4  WT 3p  *  0.5  <£i  <10~2cm}3  -  2 Jr  10“**  g*  . 

3  3  cm3  3 

The  flux  per  unit  area  for  each  second  is: 

1_  2jr  10“^  2E?  “  2.6xl0“7gsa  =a“2 
8s  3 

The  surface  of  the  earth  is  4  y  - 
4fT<6-?78xlO**)2  fi511x)c12  «2:  the  total  flux  is 
2.6x10 '7gTB  ■"as",»5 11x10 ’V  *  1.33x10®  ga/s1  - 
1.33xlOSkg  s~l.  For  a  full  year  this  is 
1.33xlOSkg  S_1x3.l5xl07  s/yr  -  4. 19x10 12 kg/ yr. 
Beers  (1945)  gives  the  world  annual  rainfall  as 
396, COP  km~/yr  or  3 .96x10 20 kg/ yr  which  shows 
that,  on  a  world  wide  basis,  this  downward  flux 
of  large  cirrus  particles  is  an  infinitesimal 
contribution  to  the  hydrological  cycle. 

If  we  calculate  the  depth  of  type  2  snowfall 
in  artic  regions  with  a  censtant  flux  of  200^m 
particles,  one  per  8  cubic  meter  falling  at  1*/s, 
we  get  4^  '  200U*  j  3  1  1*  3.15x107  s_-  I6um* 

3  2  ia3  s  yr  yr 

Tnis  does  not  agree  with  observations  of  diamond 
dust  snowfalls  in  arctic  reqions  where  accumula¬ 
tions  of  cm/yr  are  observed.  Such  observations 
indicate  a  IQ3  or  10*  increase  in  concentration 
to  around  10-  or  IQ3  particles/*3.  Concentrations 
of  200  u*  and  larger  particles  usually  produce 
opaque  cirrus.  The  reduction  of  visibility  in 
opi(*ue  cirrus  may  be  due  to  the  larger  number  of 
type  1  ice  particles  in  the  1  to  10  b*  range 
usually  found  in  opaque  clouds  along  with  the 
ice  crystals  over  200  i*m  in  diameter. 

A  10*  increase  in  the  number  of  particles 
would  give  16 cm/yr  thus  accounting  for  a  large 
part  of  the  annual  precipitation  in  arctic 
region*.  » «•  Mi««i  these  pajtic.cs 

melt  and  •.  ?.  oorate  before  reaching  the  ground. 
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Cirras  pirticl^s  falling  from  into 

supercooled  clouds  act  a*  »«ed«rs,  converting  the 
supercooled  'irop*  to  ic#  which  then  grow  rapidly 
leading  to  precipitation  1  terqerofi ,  1950).  "tfiis 
trigger  mechanism  ia  important  in  the  precipi¬ 
tation  proc«*v#es  in  mid- latitudes ,  hut  it  is 
doubtful  that  concentration#  of  type  2  sub-visi¬ 
ble  cirru*  of  one  or  tw  particles/m3  can  seed 
the  lower  clouds.  Heavier  concentrations  of  type 
2  cirrus  have  been  observe!  by  K  band  radar 
(Paulsen,  Petrocchi  and  Kcl-ean,  19703*  These 
appear  siailar  to  visual  cirrus  unicus  and  sees 
to  csr&nate  frcua  generating  cells.  Using  a  TPQ-M, 
Hobbs,  et  al  (1981J  observed  such  a  seeding  and 
an  enhances* ft t  of  precipitation  falling  free*  the 
supercooled  cloud  although  the  precipitation  was 
not  recorded  oa  the  ground. 

6.  OGrlMKKD  TRANSPORT  OF  AEROSOLS  BY  CIRRUS 
The  gravitational  settling  of  the  type  2 
particles  is  a  source  of  downward  transport  of 
aerosols.  Temperatures  at  the  upper  leveLs  are 
colder#  so  more  ice  nuclei  (J”>  are  activated 
In  the  presence  of  sufficient  water  vapoc ,  ice 
crystal*  grow  rapidly  and  begin  to  till*  The  par¬ 
ticles  carry  the  IN  to  lower  levels#  ond  also 
sweep  up  other  aerosol#  as  they  descend  If  we 
assurae  that  the  type  2  crystals  form  on  IK  with 
diameters  of  •  2  m  and  denaity  of  2  <jm/c»3#  then 
the  downward  flux  would  be  about  10Jkq/yr.  toch 
crystal  would  sweep  up  105  aerosols,  so  the 
scavenging  process  »uld  be  tne  more  important 
factor  in  the  downward  aerosol  transport. 
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7.  SUMMARY 

Observation*  of  cirrus  in  the  tropics  and  at 
cRid- latitudes  hav®  shown  that  the  occurrence  of 
Cirrus  ice  particles  in  the  atmosphere  is  more 
prevalent  than  reported  by  ground  observer*. 

5ub-vi*ible  cirrus  observed  from  aircraft 
consist  of  two  types.  Type  1  is  the  background  of 
small  ice  particles  with  a  peak  in  the  site  dis¬ 
tribution  at  about  1  pkj*  and  a  rapid  exponential 
decrease  for  larger  sire  particles.  Type  1  is 
found  at  cirrus  levels  on  most  flight#.  The 
second  type  of  sub-visible  cirrus  consist#  of 
large  ice  crystals  with  diameters  greater  than 
100  /tm,  some  being  larger  than  2000/pu  Type  2 
crystals  fall  through  the  atmosphere  and  may  or 
may  not  be  found  in  conjunction  with  type  i  sub- 
visible  cirru3. 

Opaque  and  thick  cirrus  clouds  usually  have 
a  peak  in  the  sire  distribution  between  10  and 
20  /oft  with  an  exponential  decrease  at  larger 
sire*. 

The  downward  flux  of  water  and  aerosol#  by 
cubv’isible  type  2  cirrus  is  insignificant  except 
in  arctic  region#  where  diamond  dust  snowfalls 
occur -  Concentration*  of  type  2  cirrus  falling 
from  generating  cell#  in  large  Scale  storm  sys¬ 
tems  play  a  significant  role  in  triggering  pre¬ 
cipitation  in  lower  level,  supercooled  clouds. 
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The  occurrence  of  cirrus  particles  in  the  upper  troposphere  is  more 
common  than  previously  reported.  The  presence  of  cirrus  seems  to  be  the  rule  in 
tropical  regions  with  clear  conditions  being  the  exception. 

Particle  size  distributions  for  both  thin  and  opaque  cirrus  are  presented. 
Two  different  size  distributions  characterize  ice  particles  in  sub-visible  cirrus. 
TT>e  meet  common  has  a  peate  distribution  in  the  1  to  10  micron  region  with  a  rapid 

decrease  of  larger  parti cles .  The  second  type  contains  ice  crystals  with  diameterfc 
frrM  100  to  200t)  microns  which  appear  to  have  fallen  fro*  higher  levels. 
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